To describe gene expression changes that characterize the development of diabetic nephropathy, we performed microarray and phenotype analysis on kidneys from db/db mice (a model of type 2 diabetes), streptozotocininduced diabetic C57BL/6J mice (a model of type 1 diabetes), and nondiabetic controls. Statistical comparisons were implemented based on phenotypic outcome characteristics of the animals. We used weighted votebased supervised analytical methods to find genes whose expression can classify samples based on the presence or absence of mesangial matrix expansion, the best indicator for the development of end-stage renal disease in humans. We identified hydroxysteroid dehydrogenase-3␤ isotype 4 and osteopontin as lead classifier genes in relation to the mesangial matrix expansion phenotype. We used the expression levels of these genes in the kidney to classify a separate group of animals for the absence or presence of diabetic glomerulopathy with a high degree of precision. Immunohistochemical analysis of murine and human diabetic kidney samples showed that both markers were expressed in podocytes in the glomeruli and followed regulation similar to that observed in the microarray. The application of phenotype-based statistical modeling approaches has led to the identification of new markers for the development of diabetic kidney disease. Diabetes 53: 784 -794, 2004 
A s diabetic nephropathy develops in as many as 30% of diabetic patients (1) , the identification of genes that are involved in predicting diabetic nephropathy and play a role in its pathogenesis is a topic of great importance. Approaches using candidate gene analysis have improved our understanding of key pathways in addressing some aspects related to pathogenesis (2) ; however, polymorphisms of many candidate genes have not been established to confer genetic susceptibility in large epidemiological studies (3) . Microarray analysis is a novel tool that may help to establish new diagnostic and predictive molecular targets for accurate assessment of risk for diabetic nephropathy in diabetic individuals without renal manifestations. In addition, whole genome analysis via microarrays can identify new genes and pathways that are important in the pathophysiology of diabetic nephropathy (4) .
Common features of both type 1 and type 2 diabetic nephropathy are the development of albuminuria and later diffuse mesangial matrix expansion. While albuminuria can regress in up to 50% of patients (5) , the extent of mesangial matrix expansion correlates closely with progression of nephropathy (6) ; therefore, genes that can predict the development of mesangial matrix expansion are highly relevant. Recent reports have identified genes by microarray screens whose expression in kidneys of diabetic animals is either increased or decreased compared with controls (7, 8) . However, it is often difficult to select individual genes from microarray datasets that are associated with (and can therefore diagnose) a single phenotypic outcome. An alternative approach could be using kidney-specific cell lines; however, this approach could miss important cell-cell interactions in the development of diabetic nephropathy (9, 10) .
In this study, we used several approaches to analyze a large microarray dataset in order to find genes with a strong association and high diagnostic value for the development of diabetic glomerulosclerosis in mice. We first used different models and strains of diabetic mice representing a spectrum of diabetic nephropathy. We next defined experimental groups based on differences in the manifestation of characteristic phenotypes, such as absence or presence of hyperglycemia or mesangial matrix expansion. This design is likely to identify differential gene expression that is more closely related to pathomechanisms affecting the tissue of interest because other phenotypic and genotypic differences are not considered. Super-vised statistical methods were applied to find genes whose expression can classify animals into separate groups based on phenotypic characteristics. This approach lead to the identification and validation of new marker genes with strong correlation for the development of diabetic nephropathy.
RESEARCH DESIGN AND METHODS
Male C57/B6 and 129SvJ, db/db (Lepr db/db ), and db/m mice (on C57BLKs/J background) were purchased from The Jackson Laboratories (Bar Harbor, ME). Type 1 diabetes was induced by low-dose streptozotocin (STZ) injection as detailed by the NIDDK Consortium for Animal Models of Diabetic Complications' (AMDCC) protocol (available from http://www.amdcc.org). The db/db mice were maintained either on normal mouse chow (Purina 5001; Purina, Quakertown, PA) or on high-protein diet (40% protein and 4% salt). All animal protocols and procedures were approved by the Institutional Animal Care and Use Committee at Thomas Jefferson University.
For determination of urinary albumin excretion, mice were placed into individual metabolic cages and urinary albumin was measured by enzymelinked immunoassay specific for mouse albumin (Albuwell; Exocell, Philadelphia, PA). Blood glucose was measured using a colorimetric assay (Sigma). A pathologist who was unaware of the experimental protocol analyzed glomerular histology on periodic acid Schiff-stained sections. Mesangial matrix expansion was evaluated on 50 glomeruli per kidney using a score of 1 for minimal, 2 for mild mesangial matrix expansion, 3 for moderate, and 4 for diffuse mesangial matrix expansion. Microarray procedures. Total kidney RNA was extracted using Trizol reagent (Invitrogen). RNA samples, without evidence of degradation, were used for microarray analysis. Common reference RNA standard was prepared from female and male C57B/6J mice in a 1:1 ratio, using a mixture of RNA from liver, kidney, and spleen at a 4:2:1 RNA weight ratio, respectively. Mouse cDNA arrays were obtained from the Albert Einstein College of Medicine cDNA Microarray Facility (available from http://www.aecom.yu.edu/home/ molgen/facilities.html). Each slide contained an unbiased, random collection of 9,557 cDNA probe elements derived from the sequence-verified GEM1 clone set (Incyte Genomics, Palo Alto, CA).
Microarray procedures were performed as described previously with minor modifications (11) (available from http://biotech.aecom.yu.edu). In brief, RNA (100 g) from a single experimental kidney was reverse transcribed and labeled with Cy5-fluorescent nucleotides (Amersham, Piscataway, NJ). Identical aliquots (100 g) of the common reference RNA were labeled with Cy3-fluorescent nucleotides by reverse transcription. For each experimental animal, Cy5-labeled kidney cDNA was cohybridized with Cy3-labeled common reference cDNA. Hybridized slides were scanned using a GenePix 4000b scanner (Axon Instruments, Union City, CA), and raw data files were generated containing measurements of signal and background fluorescence emissions. The raw data files and the microarray platform for all of the hybridizations can be viewed at www.ncbi.nlm.nih.gov/geo with accession number GPL-409. Quality control and data analysis. Data from spots containing artifacts were eliminated from further analysis. Data were also filtered, and only spots with average channel signal intensity (CHI) over the average channel background intensity (CHB) ϩ 2 SD were further analyzed, while spots with average normal signal intensity (NSI) less than or equal to average CHB ϩ 2 SD were flagged and eliminated from further analysis. The ratio of Cy5 (experimental sample) and Cy3 (common reference RNA) was calculated for each spot to derive a relative expression value. Spot ratio values were natural log transformed and normalized for interarray comparisons using the mediancentered normalization method (12) . Only spots that passed quality control criteria in Ն90% of all arrays were considered for statistical data analysis. Thus, the presented results were derived from a total of 5,552 filtered spots with reproducible and reliable gene expression measurements.
To identify genes with differential expression in the various experimental groups, we used the Statistical Analysis of Microarray Data (SAM) software (13) . All statistical analyses were performed using both NSIs (NSI ϭ CHI Ϫ CHB, i.e., background subtracted) and normalized median ratio channel signal (CHI). The data presented here are genes that were identified as statistically differentially expressed by both analyses. Normalized gene expression profiles were clustered using a Manhattan distance metric hierarchical clustering tool as implemented in the Institute for Genome Research Multiple Experiment Viewer (14) . Class prediction by weighted vote method (15) was applied to find genes with the highest discriminative value in order to distinguish animals based on their phenotypic outcome (as was implemented in GeneSpring Software version 5.1).
Quantitative RT-PCR. Quantitative RT-PCR (QRT-PCR) analysis was performed using the Taqman 7900 HT Sequence Detection System (ABI Prism) apparatus with SYBR Green (Applied Biosystems) reagent and sequencespecific primer pairs (11) . House keeping genes ␤-actin (ACTB) and hypoxanthine guanine ribotransferase (HPRT1) were used for normalization, since the expressions of these genes were relatively stable in our microarray experiment. The following primers were used: mouse CD36 5Ј tgctggagctgttattggtg, 3Ј catgagaatgcctccaaaca; mHSD3B4 5Ј ggaaactgtgagcttcctgc, 3Ј ggcggttaaatg gtggtcta; mKAP 5Ј acagtctcctccggctttct, 3Ј ctggattcccagctaatgga; mbeta actin (ACTB) 5Ј accgtgaaaagatgatgacccag, 3Ј agcctggatggctacgtaca; mHPRT 5Ј tgttgttggatatgcccttg, 3Ј ttgcgctcatcttaggcttt; mOPN 5Ј tgatcaggacaacaacggaa, 3Ј tctcctggctctctttggaa; human beta actin (ACTB) 5Ј gatgagattggcatggcttt, 3Ј caccttcaccgttccagttt; hHPRT1 5Ј aaaggaccccacgaagtgtt, 3Ј tcaagggcatatccta caacaa; and hOPN 5Ј gccgaggtgatagtgtggtt, 3Ј tactggatgtcaggtctgcg. After amplification, the melting curve analysis was performed to verify specificity of the amplifications. Immunohistochemistry. Anti-mouse osteopontin antibody (MPIIIB10) was obtained from the Developmental Studies Hybridoma Bank, University of Iowa (Iowa City, IA) (16) . Rabbit anti-mouse hydroxysteroid dehydrogenase-3␤ isotype 4 (HSD3B4) primary antibody was generated using a unique peptide of HSD3B4 by Sigma-Genosys and was affinity purified. Mouse anti-synaptopodin antibody was from Progen (Queensland, Australia), rabbit anti-synaptopodin antibody was a kind gift of Dr. Peter Mundel (Albert Einstein College of Medicine) (17) , and rabbit anti-NaK/2Cl antibody was purchased from Chemicon (Temecula, CA). Immunostaining on paraffinembedded tissue was performed as reported previously (18, 19) . Antibody specificity was verified via tissue incubation with the antigenic peptide/ antibody mixture prepared 24 h before use.
Immunofluorescence labeling of frozen sections was performed with fluorescein and Cy3-labeled anti-mouse and anti-rabbit goat secondary antibodies (Jackson Immunochemical) as described previously (18) . Images were captured using a digital charge-coupled device camera system connected to a Nikon microscope. Human kidney biopsy samples. Sections of human kidney tissue were obtained from anonymous archived paraffin-embedded samples. All diabetic samples were from patients with biopsy-proven advanced diabetic nephropathy with a serum creatinine value in the range of 4 -7 mg/dl and nephrotic range proteinuria. Institutional review board approval was obtained for procurement of kidney specimens at Thomas Jefferson University.
RESULTS
Classification of diabetic mice based on phenotype analysis. Our study included type 2 diabetic db/db mice (n ϭ 46) and nondiabetic db/m controls (n ϭ 33) on normal or high-protein animal chow. For generation of experimental type 1 diabetes, 8-week-old male C57BL/6J or 129 SvJ mice were given STZ or vehicle. All db/db mice and all STZ-induced diabetic mice developed comparable levels of hyperglycemia (Table 1 ). Albumin excretion rates in diabetic mice were significantly increased compared with those of controls and were similar in db/db and STZ-treated mice on normal chow (Table 1) . Albuminuria was further increased in db/db mice on high-protein chow. Body and kidney weights are summarized in Table 1 . At 24 weeks, glomeruli in db/db animals were characterized by diffuse mesangial matrix expansion, consistent with previous reports (20) . In contrast, STZ-induced C57BL/6J diabetic mice developed mild (score 2) mesangial matrix expansion at 24 weeks (after approximately the same duration of diabetes as the db/db mice). Mesangial matrix expansion was more pronounced in 129SvJ than C57BL/6J mice but was not significantly increase by diabetes (Table  1) . Our phenotype analysis identified hyperglycemia and mesangial matrix scores as phenotypic outcomes that allowed independent classification of animals as either hyperglycemic versus normoglycemic or advanced mesangial matrix expansion versus minimal/mild mesangial expansion. In this experiment all hyperglycemic mice had increased albumin excretion rates over baseline; these outcomes were therefore analyzed together. Identification of genes differentially expressed in kidneys of STZ-induced diabetic C57BL/6J and db/db mice. To identify genes with statistically significant differential expression in the kidneys of 24-week-old db/db mice (n ϭ 29) compared with control db/m mice (n ϭ 11), the SAM software (13) was used. We identified 343 probes that satisfied our statistical threshold criteria (20% difference in mean ratio values and Ͻ1% false discovery rate [FDR]) as differentially expressed (Fig. 1A) . Expression profiles of these genes were analyzed for coregulation and visualized by hierarchical clustering (Fig. 1C) . Annotated lists of all the differentially expressed genes are available in the online data supplement Table 1 (available from http://diabetes. diabetesjournals.org). Similar analysis comparing 24-week-old STZ-induced diabetic C57BL/6J mice (n ϭ 5) and vehicle-treated control mice (n ϭ 5) identified 312 spots as differentially expressed (Fig. 1A and B) (online supplemental data Table 2 ). Of the 343 differentially expressed probes in db/db mice and 312 differentially expressed transcripts in the STZ-induced diabetic mouse kidneys, only 40 transcripts were differentially expressed in kidneys of both experimental diabetes models (12% of db/db mice and 13% of STZ-induced diabetic mice overlap). The small number of overlapping genes suggests that statistical comparisons based on a priori experimental group designs in two different well-established experimental models of diabetic kidney disease could identify a large number of genes that may not be related to diabetic kidney disease; their differential expression might rather be the result of other confounding variables, i.e., obesity, insulin level, genotype, etc. Identification of differentially expressed genes based on statistical comparisons of groups with similar phenotype outcome. To identify differentially expressed genes that are associated with common phenotypic characteristics of diabetic kidney disease, experimental groups were separated into animals with hyperglycemia/albuminuria (29 db/db and 5 STZ-induced diabetic mice), as defined by blood glucose Ͼ300 mg/dl and albuminuria Ͼ30 g/day, or with normoglycemia and absence of albuminuria (11 db/m and 5 control C57BL/6J mice). A total of 297 spots were thus identified as differentially expressed by SAM analysis (Ͻ1% FDR and 20% change) ( Fig. 2A) . Next, we classified mice into two groups according to the degree of mesangial matrix expansion, where animals with scores 3 or 4 (moderate/severe) (29 db/db mice) were compared with animals with scores 1 or 2 (minimal/mild) (5 STZinduced diabetic, 5 vehicle-treated C57BL/6J, and 11 db/m mice), and identified 611 spots as differentially expressed by the SAM analysis ( Fig. 2A ). Annotated lists of these genes are available in the online supplementary data Table  IIIA and B. Moreover, a large fraction of genes (63 and 39%) differentially expressed in hyperglycemic mice were also associated with the mesangial matrix expansion phenotype regardless of the genotype of the animals. The large fraction of commonly differentially expressed genes associated with the two phenotypic outcomes have a high likelihood of representing genes that are regulated by hyperglycemia/albuminuria and are involved in the development of mesangial disease.
To gain insight into the functional role of the differentially expressed genes, we annotated each gene target with their corresponding biological function, according to Gene Ontology Consortium data available in the Gencarta database system (Compugen, Tel Aviv, Israel). The data in each subgroup are represented as a proportion of total number of differentially expressed genes (Fig.  2B ). This approach was used because the total numbers of differentially regulated transcripts were different in each comparison (297 in the hyperglycemia/albuminuria comparison and 611 in the mesangial matrix expansion comparison). Similarly, all of the analyzed genes from the microarray (n ϭ 5,552) were annotated with their corresponding biological function. Genes associated with substrate and energy metabolism constituted the single largest functional group (ϳ50% of all genes), and the representation in the differentially expressed groups was similar.
Next, statistical algorithms were applied to define significant differences in the differentially expressed groups compared with all of the analyzed genes (21) . Genes annotated to cell proliferation and response to external stimuli functions were represented in statistically significantly different percentile among the differentially regulated genes (compared with all of the analyzed genes). This observation might underlie the importance of cell cycle dysregulation in diabetic kidney disease (22) . The response to external stimuli ontology group includes number of cytokine-related genes, including several in the transforming growth factor-␤ (TGF-␤) pathway. The expression profile and the list of the genes involved in cell proliferation and response to external stimuli are shown in the online supplemental data, Fig. 1 , in a cluster format. Identification of candidate classifier genes for phenotypic outcomes in diabetic mouse kidneys. To decrease the number of candidate genes with expression profile characteristic to hyperglycemic/albuminuric mice or to mice with advanced glomerulosclerosis versus control, we used a supervised statistical class predictor algorithm (15) . We selected a minimal set of genes that can provide optimal classification accuracy together with the highest prediction strength. Initially 25 genes were selected whose expression values in the kidneys can discriminate hyperglycemic and albuminuric animals from control mice. The hierarchical cluster analysis of these genes classifying 50 experimental kidney RNA samples is shown in Fig. 3A . Repetitions of this analysis using progressively fewer predictor genes resulted in the identification of three genes that provided optimal classification of the origin of kidney RNA samples from hyperglycemic/albuminuric mice. The expression profile of these genes correctly identified 49 of 50 cases in leave-one-out cross validations. These genes were CD36, kidney androgen-regulated protein (KAP), and an unnamed expressed gene (GB#AA276424). Relative expression values of CD36, KAP, and the expressed sequence tags were all lower in kidneys of hyperglycemic/albuminuric compared with control mice.
A similar approach was used to identify 25 genes with the highest predictive values for discrimination of kidney RNA samples from mice with advanced mesangial matrix expansion (Fig. 3B) . Expression data from two genes, HSD3␤4 and osteopontin (OPN), were sufficient to predict the origin of kidney RNA samples from mice with or without mesangial matrix expansion correctly in all 50 animals in cross-validation experiments. Relative mRNA expression values of HSD3␤4 were lower and OPN levels were higher in kidneys of mice with advanced mesangial expansion (Fig. 3B) . We found a significant overlap in the list of the 25 top genes to classify mesangial matrix expansion and hyperglycemia/albuminuria. This might be partially due to the overlapping phenotype (e.g., all mice with mesangial disease are diabetic); however, since only a small number of genes (two or three) were sufficient to classify phenotypic outcome, it is likely that the other identified genes are confounders. This is demonstrated by the observation that the classification accuracy of the top 10 genes was lower (84%) than the top two genes (100%) to discriminate mice with advanced mesangial matrix expansion. Validation of CD36, KAP, HSD3␤4, and OPN as classifier genes. To confirm the relative transcript levels of CD36, KAP, HSD3␤4, and OPN derived from the microarray experiment, we designed QRT-PCR assays to determine their transcript levels as an independent method of expression profiling. Figure 4 shows the distribution of the relative expression values obtained by QRT-PCR for the four identified classifier genes in diabetic and nondiabetic mice. There was a reduction of CD36, KAP, and HSD3␤4 expression, whereas OPN was increased in the diabetic mice, thus confirming the gene expression results obtained by microarray for these genes. Receiver operator curve (ROC) analysis of the QRT-PCR data was used to determine the cutoff values for relative transcript levels of each gene that discriminated phenotype groups with highest specificity and high sensitivity (these values are shown on Fig. 4A-D) .
To determine whether the observed expression profiles are also valid as classifiers using a group of test animals with different age, sex, and genetic background, we determined the transcript levels of our putative predictor genes in total kidney RNA samples from an independent series of 30-week-old 129 SvJ mice given STZ or vehicle or in 16-week-old female db/db mice (see Table 1 for phenotype description) that were not included in our initial microarray analysis. By applying the ROC-derived cutoff values (Fig. 4) , we evaluated the performance of the relative expression levels of CD36 and KAP in correctly classifying mice with hyperglycemia/albuminuria ( Fig. 5A and B) and of HSD3␤4 and OPN in identifying mice with advanced mesangial matrix expansion (Fig. 5C and D) . The lower relative gene expression level of HSD3␤4 was able to diagnose the presence or absence of mesangial matrix expansion in 72% of the animals (Fig. 5C) . The relative expression of OPN performed better and was able to make the correct diagnosis (the presence or absence of ad- vanced mesangial matrix expansion) in 19 of 22 cases (Fig. 5D ). In the classification of animals based on albuminuria and diabetes, CD36 performed better than KAP, and the prediction was correct in 95.5% of cases ( Fig. 5A  and B) . Taken together, our results validate the data obtained from the microarray experiment and confirmed that mRNA levels of CD36 and KAP are strong classifiers of hyperglycemia, while HSD3␤4 and OPN are the best predictors for mesangial expansion in different type and strains of diabetic mice, respectively. Immunohistochemical localization of genes with high predictive value for mesangial matrix deposition. We performed immunohistochemical analysis of HSD3␤4 and OPN to determine the protein expression and regulation patterns in normal and diabetic mouse and human kidneys. HSD3␤4 is an enzyme that has been linked to testosterone metabolism, and isoform 4 was primarily expressed in the kidney (23); however, its cellular distribution in the kidney has not been characterized. We found specific HSD3␤4 staining in podocytes and tubular cells in both control and diabetic human kidney samples (Fig. 6A  and B) . We observed similar staining pattern in kidney sections from db/db and db/m mice (data not shown). We confirmed the podocyte-specific expression pattern by double immunostaining with synaptopodin, a podocyte specific marker (Fig. 6C-E) . The glomerular staining of HSD3␤4 was decreased in human and murine diabetic samples with advanced glomerulosclerosis (Fig. 6B ) compared with control (Fig. 6A) . In summary, HSD3␤4 was expressed in the tubules and in the glomerular podocytes in human and murine diabetic kidney samples, and its decreased expression correlated with the lower mRNA expression observed in the microarray experiment.
In control murine and human samples, we observed strong osteopontin expression in the medullary tubules ( Fig. 7A and B) . OPN in the murine samples colocalized with NaK/2Cl cotransporter staining, which is a specific marker of the loop of Henle (Fig. 7F) (24) . We did not observe a change in the tubular expression of OPN between animals with diabetic glomerulopathy and controls ( Fig. 7A and B) . In addition to the tubular staining there was strong upregulation of OPN in the glomeruli of 24-week-old db/db mouse kidneys (Fig. 7C and D) . We confirmed the podocyte-specific expression pattern again by double immunostaining with synaptopodin, a podocytespecific marker (Fig. 7E) . Similar to the murine kidney sections, we also observed OPN staining in podocytes in human diabetic kidney samples (Fig. 7G) , which was completely blocked with the blocking peptide (Fig. 7H) . In summary, immunohistochemical analysis showed that OPN expression in the renal tubules was not altered, while its expression in podocytes was strongly upregulated in diabetic kidney samples. 
DISCUSSION
Here we report gene expression profile analysis in various models and strains of murine diabetes. The inclusion of different models and strains allowed for the identification of genes whose expression is associated with specific steps of the diabetic complication regardless of the type of diabetes and the presence or absence of obesity, STZ, or leptin levels. We used two complementary approaches to identify genes with expression changes that are characteristic-and therefore more likely to be involved in the pathogenesis-of diabetic renal disease. First grouping animals for statistical comparisons based on phenotypic outcome provided a list of 611 differentially expressed probes in animals with diabetic glomerulopathy when compared with those with normal histology. In addition, a novel supervised neighborhood analysis was applied to identify genes with patterns of expression that can classify animals with different phenotypic outcome. Since mesangial matrix expansion is a critical determinant for the development of diabetic nephropathy in humans, we applied this method to find genes with high discriminative value for diabetic glomerulopathy.
We identified HSD3␤4 and OPN as lead genes in the mesangial matrix expansion signature. We were also able to categorize unknown samples into phenotypic groups based on relative gene expression values that we obtained via ROC analysis. This was particularly important since in the original microarray cohort, only db/db mice developed significant mesangial disease. The relevance of our findings is further supported by the observation that the distribution and regulation of OPN and HSD3␤4 in human diabetic kidney disease followed a pattern similar to that we observed in the mouse models.
To our knowledge this is the first description of HSD3␤4 distribution in the kidney with a specific antibody. The HSD family of enzymes characteristically catalyzes the conversion of ⌬5-3-␤ hydroxysteroids by dehydrogenation of the 3-␤-hydroxyl group and isomerization of the C5-C6 double bond to a C4-C5 double bond (23) . However, HSD3␤4 is unique in this family because it can catalyze the conversion of dihydrotestosterone to 5␣-androstanediol in the presence of the cofactor NADPH, thus inactivating dihydrotestosterone (23) . The localization of HSD3␤4 to podocytes suggests that podocytes might be involved in testosterone inactivation and may thus be relevant to recent studies in which the administration of dihydrotes- tosterone to rats with allografts led to marked proteinuria and glomerulosclerosis (25) . As proteinuria and glomerulosclerosis are closely linked to podocyte dysfunction, it is likely that dihydrotestosterone results in deleterious effects on podocytes. In the context of diabetes, a decreased level of HSD3B4 may lead to enhanced dihydrotestosterone levels in the glomerulus and contribute to podocyte dysfunction, proteinuria, and glomerulosclerosis. These hypotheses will be examined in future studies. We observed increased OPN expression in podocytes of diabetic mice with mesangial matrix expansion. We also found that OPN is expressed in vitro in cultured podocytes, which might underlie our in vivo observation (data not shown). Moreover, hyperglycemia and TGF-␤ increase OPN transcript levels in cultured podocytes (data not shown). It is conceivable that OPN might have a role in the cytoskeletal rearrangements of podocytes, since in cultured podocytes OPN coating induced a motile phenotype (26) . OPN-mediated cytoskeletal rearrangement might be important in the development of diabetic nephropathy, where podocytes are under significant stress due to glomerular enlargement and/or podocyte loss (27) , in which case the remaining podocytes must cover a larger area of the glomerulus. In contrast to previous studies showing increased tubular expression of OPN in STZ-induced diabetic rats (28), we did not find significant change in the tubular OPN expression in diabetic mice. This difference might be species specific, since OPN has also been shown to have a somewhat different tubular distribution in rats (29) . Studies using OPN gene-deficient mice and antisense-treated animals have demonstrated that OPN promotes accumulation of macrophages and may play a role in macrophage-mediated renal injury (30) . The observation might be important in explaining the presence of diabetic tubulointerstitial disease in diabetic rats and the complete absence of macrophage infiltration in the examined mouse models of diabetic nephropathy (E.B., K.Su., and K.Sh., unpublished observation) (30) . On the other hand, there are reports suggesting renoprotective actions for OPN in various acute renal injury models (31) .
Of interest is the observation that both of the proteins (HSD3␤4 and OPN) that are closely linked to mesangial matrix expansion are present only in glomerular podocytes and not in glomerular endothelial or mesangial cells. This suggests an important cell-cell communication between podocytes and mesangial cells that results in the phenotype of mesangial matrix expansion.
In conclusion, the phenotype-based gene expression profile analysis provides a valuable framework to link variations in gene expression to phenotypic outcome. We have used this approach to identify an unbiased set of genes whose expression levels can identify mice with the development of diabetic glomerulopathy. The future determination of the predictive value of HSD3␤4 and OPN for the development of diabetic nephropathy in humans might provide a new diagnostic tool and likely lead to a better understanding of the complex pathomechanism of diabetic nephropathy.
